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HIGHLIGHTS 


► Multi-year, international efforts for studying aerosol and climate impacts across Southeast Asia. 

► Aerosol and cloud properties measured from both ground- and satellite-based platforms. 

► Investigation of aerosol— cloud interactions and planning for future experiments. 
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In this paper, we present recent field studies conducted by NASA’s SMART-COMMIT (and ACHIEVE, to be 
operated in 2013) mobile laboratories, jointly with distributed ground-based networks (e.g., AERONET, 
http://aeronet.gsfc.nasa.gov/ and MPLNET, http://mplnet.gsfc.nasa.gov/) and other contributing 
instruments over northern Southeast Asia. These three mobile laboratories, collectively called SMARTLabs 

(c/. http://smartlabs.gsfc.nasa.gov/, Surface-based Mobile Atmospheric Research & Testbed Lab oratories) 
comprise a suite of surface remote sensing and in-situ instruments that are pivotal in providing high spectral 
and temporal measurements, complementing the collocated spatial observations from various Earth 
Observing System (EOS) satellites. A satellite-surface perspective and scientific findings, drawn from the 
BASE-ASIA (2006) field deployment as well as a series of ongoing 7-SEAS (2010—13) field activities over 
northern Southeast Asia are summarized, concerning (i) regional properties of aerosols from satellite and in- 
situ measurements, (ii) cloud properties from remote sensing and surface observations, (iii) vertical dis- 
tribution of aerosols and clouds, and (iv) regional aerosol radiative effects and impact assessment. The 
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aerosol burden over Southeast Asia in boreal spring, attributed to biomass burning, exhibits highly con- 
sistent spatial and temporal distribution patterns, with major variability arising from changes in the 
magnitude of the aerosol loading mediated by processes ranging from large-scale climate factors to diurnal 
meteorological events. Downwind from the source regions, the tightly coupled-aerosol— cloud system 
provides a unique, natural laboratory for further exploring the micro- and macro-scale relationships of the 
complex interactions. The climatic significance is presented through large-scale anti-correlations between 
aerosol and precipitation anomalies, showing spatial and seasonal variability, but their precise cause-and- 
effect relationships remain an open-ended question. To facilitate an improved understanding of the regional 
aerosol radiative effects, which continue to be one of the largest uncertainties in climate forcing, a joint 
international effort is required and anticipated to commence in springtime 2013 in northern Southeast Asia. 

Published by Elsevier Ltd. 


1. Background and motivation 

Biomass burning has been a regular practice for land conversion 
and land clearing (e.g., deforestation, burning of secondary forests 
and pastures) in many countries, especially in the tropical areas of 
Africa, South America, and Asia (c/. Crutzen and Andreae, 1990; and 
references therein). Significant amounts of greenhouse gases (e.g., 
C0 2 , CH 4 , N 2 0), chemically active gases (e.g., NO, CO, HC, and vol- 
atile organic compounds), and light-absorbing aerosols (e.g., ele- 
mental and organic carbon) are produced by the biomass-burning 
processes around the globe (c/. Akagi et al., 2011; Reid et al., 
2005a, b; and references therein). These trace gases and aerosols 
influence both atmospheric composition and regional-to-global 
climate (e.g., Andreae et al., 2005). 

Biomass-burning activities in tropical and subtropical Africa 
persist year round (c/. Swap et al., 2003; Giglio et al„ 2006; and 
references therein). Over Amazonia and nearby regions in South 
America, the annual mean of aerosol loading is dominated by 
biomass-burning emissions (c/. Martin et al., 2010; Yokelson et al., 
2007; and references therein). Compared to these two regions, 
biomass burning related studies over tropical Asia are underrep- 
resented in the literature (c/. Reid et al., 2012 for a broad review). 
Recently, Lawrence and Lelieveld (2010) presented a compre- 
hensive review of outflow of South Asian aerosols toward the sur- 
rounding oceanic regions. Based on satellite data, biomass-burning 
emissions were estimated (e.g., Chang and Song, 2010) in tropical 
Asia, extending from India/Nepal southeastward to Indonesia. 
However, during the boreal spring peak-burning season, the cli- 
matology of Southeast Asia is very different from that of Africa or 
South America. Large-scale biomass burning causes smoke aerosols 
to extend throughout a deep layer, overlying and overlapping with 
a quasi-stationary stratocumulus cloud band stretching over vast 
distances, as observed by satellite sensors. Smoke particles have 
long been recognized as effective cloud condensation nuclei (e.g., 
Reid et al., 2005a). They are particularly active at lower levels of 
supersaturation, such as those occurring in stratocumulus clouds, 
where aerosol— cloud interactions are most favored (e.g., 
Sorooshian et al., 2009). By comparison to the ship track environ- 
ment (e.g., Durkee et al., 2000), Southeast Asia in the spring, acting 
as a regional scale natural laboratory, is best for exploring the 
complex aerosol— cloud— water cycle interactions under active 
stratiform convection. This condition permits field measurements 
to go a long way toward validating results from satellite observa- 
tions, as well as allowing for a better understanding of atmospheric 
processes through comprehensive modeling efforts. 

Two grass-root projects, the 2006 BASE-AS1A (Biomass-burning 
Aerosols in South East Asia: Smoke Impact Assessment) and the 
ongoing 2008—2013 7-SEAS (Seven South East Asian Studies), were 
conceived expressly for the purpose of quantifying aerosol/cloud 
properties and probing their interactions. Participants in the BASE- 
AS1A campaign include the Southeast Asia START (SysTem Analysis, 


Research and Training) regional center based at Chulalongkorn 
University, NASA Goddard Space Flight Center, and the University of 
Hawaii. The campaign was designed to: (i) increase understanding 
of the effects of biomass-burning aerosols on remote sensing ob- 
servations of the atmosphere, (ii) characterize and assess the 
radiative effects of biomass-burning aerosols on the regional Earth- 
atmosphere system and the impact to global climate, and (iii) 
provide educational opportunities for regional scientists and 
graduate students who desire additional training and research 
experience (c/. Fig. SI). 

Continuing the quest for a deeper understanding of the way 
aerosols affect Southeast Asian weather, climate, and the environ- 
ment, the ongoing 7-SEAS project integrates an international effort 
involving Indonesia, Malaysia, Philippines, Singapore, Taiwan, 
Thailand, Vietnam, and the United States (NASA and the Office of 
Naval Research) in forming a highly interdisciplinary science team. 
Research topics include seven focus areas from which the program 
derives its name: (1 ) clouds and precipitation, (2) radiative transfer, 

(3) anthropogenic and biomass-burning emissions and evolution, 

(4) natural background atmospheric chemistry, (5) tropical- 
subtropical meteorology (6) regional nowcasting, forecasting, and 
inter-annual/climate outlooks, and (7) satellite and model calibra- 
tion/validation. Thus, to attain the scientific goals of the 7-SEAS 
project, extended measurement and analysis periods (i.e„ 2008— 
2013) of the regional Earth-atmosphere system are required. On 
short time scales, focusing on smaller Intensive Observational Pe- 
riods (lOPs) would foster the development and refinement of sci- 
entific hypotheses that can be investigated in larger field campaigns, 
as well as advancing the development of an effective and collabo- 
rative science team, thus promoting true international partnerships. 
The first pilot 10P of 7-SEAS was conducted at Dongsha Island (e.g., 
Wang et al., 2011 ), with participation of NASA SMARTLabs and Tai- 
wan EPA mobile laboratory, for studying aerosol properties at the 
downwind/sink region in March— June 2010. Whereas the follow-up 
IOP was conducted in the spring of 2011, participation by NASA 
scientists began in 2012, in collaboration with science teams from 
Taiwan and Vietnam in two consecutive lOPs at Son La, Vietnam for 
studying aerosol properties along the pathway of long-range 
transport. In addition, five sets of thermal-dome-effect corrected 
pyranometers (Ji and Tsay, 2010; Ji et al., 2011) and pyrgeometers 
were deployed to take measurements of surface irradiance, collo- 
cated with AERONET sunphotometer observations, at Silpakorn 
University (Thailand), Luang Namtha (Laos), Son La (Vietnam), 
Dongsha (Taiwan), and Gangneung (South Korea), throughout the 
spring 2012 campaign. The network measurements captured the 
spatiotemporal evolution of surface radiative energetics, which can 
be compared to and used in conjunction with satellite measured/ 
retrieved irradiances for investigating changes in column energy 
distribution due to aerosol/cloud perturbations. 

In this overview paper, we will review and discuss results from 
papers published in this special issue and other journals using both 
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BASE-ASIA/7-SEAS IOP data and satellite measurements, as well as 
model simulations. We begin in Section 2 by describing the 
observation activities of the 2006 BASE-ASIA in Thailand and 
ongoing 2010—2013 7-SEAS campaigns over northern Southeast 
Asia. Section 3 summarizes the scientific findings, concerning (i) 
regional aerosol properties from satellite and in-situ measure- 
ments, (ii) cloud properties from remote sensing and surface ob- 
servations, (iii) vertical distribution of aerosols and clouds and their 
interactions, and (iv) regional aerosol radiative effects and impact 
assessment. The concluding remarks and future work are given in 
Section 4. 

2. Observation activities 

Regional biomass-burning activities are influenced by various 
factors, ranging from large-scale climatic variations such as the El 
Nino/La Nina-Southern Oscillation (ENSO), seasonal cycles and 
natural year-to-year variability, to diurnal time-scale weather pat- 
terns. These meteorological processes modulate biomass-burning 
emissions by altering the precipitation, soil moisture content, and 
transport mechanism via varying the atmospheric circulation. 
Long-term satellite observations during 1997—2010 using NASA 
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) revealed no 
discernible trend in the springtime (March, April, and May) aerosol 
loading over Southeast Asia, although clouds often obstruct the 
view of satellites over the region, making meaningful trend analysis 
difficult (Hsu et al., 2012). To facilitate a statistically significant 
comparison, we relate the monthly biomass-burning carbon 
emissions over Southeast Asia (GFED V3, Global Fire Emissions 
Database, van der Werf et al., 2010) to the corresponding monthly 
mean precipitation (GPCP V2.2, Global Precipitation Climatology 
Project, Adler et al., 2003). GFED emission estimates were based on 
satellite-retrieved burned area and biogeochemical model simula- 
tions, while GPCP combines data from both satellites and the sur- 
face rain gauge networks. As shown in Fig. 1, biomass-burning 
emissions and precipitation over Southeast Asia both demon- 
strate sizable inter-annual variability. Biomass burning always 
peaks in March, and years receiving less precipitation during this 
month normally see much stronger emissions. Precipitation be- 
comes more intense in April, near the onset of the Asian summer 
monsoon. ENSO is one of the prominent systems influencing the 
development of the Asian monsoon and precipitation in the region 
(Lim and Kim, 2007), and likely has contributed to the five strongest 


biomass-burning years during this period (1998/1999, 2004, 2007, 
and 2010). With the exception of 2004, which was a weak El Nino 
year, the other four years all exhibited relatively dramatic transi- 
tions from El Nino to La Nina conditions. Lim and Kim (2007) also 
noted that other phenomena, such as the regional-scale intra- 
seasonal oscillations, might influence the development of the Asian 
monsoon as well as biomass-burning emissions from Southeast 
Asia. On the contrary, 2006 was among the lowest years in biomass 
burning emissions, attributed to unseasonable rain caused by 
tropical cyclone Mala in late April and to the earlier start of rainy 
season over Southeast Asia. 

The BASE-ASIA campaign was conducted from late February to 
early May during the dry season of 2006. Within this time frame, 
the operational polar-orbiting satellites/sensors of SeaWiFS, TRMM, 
Terra, EO-1, Aqua, ICESat, OM1 and POLDER (c/. http://eospso.gsfc. 
nasa.gov/, EOS Mission Profiles for details of satellite and instru- 
mentation), provided comprehensive measurements of regional 
aerosol and cloud properties. Measurements from these sensors 
have produced retrievals of intrinsic properties of the atmosphere 
(e.g., trace-gas abundance, temperature/moisture profiles, aerosol 
loading and size distribution, optical thickness and size/phase of 
clouds, precipitation, top-of-atmosphere irradiance, etc.) at known 
levels of confidence. Space-borne remote sensing observations, 
however, are often plagued by contamination introduced by natu- 
rally occurring signals emanating from the surface. Thus, ground- 
based in-situ and remote sensing measurements, where signals 
originate directly from atmospheric constituents, the Sun, and/or 
Earth— atmosphere interactions, provide additional information for 
comparisons that confirm quantitatively the usefulness of the in- 
tegrated surface, aircraft, and satellite datasets. The ground-based 
site of BASE-ASIA was located at Phimai, a vast plain with agricul- 
tural settings in central Thailand. SMARTLabs’ SMART (Surface- 
sensing Measurements for Atmospheric Radiative Transfer), COM- 
MIT (Chemical, Optical & Microphysical Measurements of In-situ 
Troposphere) and U. Hawaii’s instruments (c/. Fig. S2) were 
deployed at the Phimai observatory and radar station (15.18 °N, 
102.56 °E, 206 m above sea level), operated by the Bureau of Royal 
Rainmaking and Agricultural Aviation, Thailand. At the beginning of 
the BASE-ASIA campaign, this site was largely under the influence 
of dry-cool northeast monsoon ( nominally from mid-October to 
mid-February) and later was dominated by the wet-warm south- 
west monsoon (mid-May to mid-October). As a result, aerosols 
from various sources including biomass-burning smoke, 
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Fig. 1. Monthly-mean (February, March, April) values of total carbon emissions (bars from bottom) due to biomass burning and corresponding precipitation (bars from top) over 
Southeast Asia (8-26 °N, 90-110 °E) during the dry season from 1997 to 2010. 
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anthropogenic emissions, and transboundary transport were 
measured during the experiment. 

Table SI lists the remote sensing and in-situ instruments 
deployed during the BASE-ASIA campaign from which, and for the 
first time in the region, comprehensive surface observations of 
aerosols and clouds were produced. Like Angkor Wat, the great 
solar observatory (c/. http://sunearthday.nasa.gov/2005/locations/ 
angkorwat.htm) of the ancient Khmer Empire in Southeast Asia, 
the modern Phimai Observatory, hosting a sunphotometer as a part 
of NASA/AERONET global operations (Holben et al., 1998) since 
2003, has archived the earliest running sunphotometry measure- 
ments in the region. After the completion of the 2006 BASE-ASIA 
campaign, AERONET’s expanded collaboration with Silpakorn’s 
Solar Radiation Monitoring Network (c/. Fig. S3 and Janjai et al., 
2009, 2012), led to the extended regional coverage of sunpho- 
tometry observations over Laos, Myanmar, and Thailand. Fur- 
thermore, SKYNET (cf. http://atmos.cr.chiba-u.ac.jp/) has also been 
operating at the Phimai Observatory since 2005, as part of 
a regional network for studying aerosol— cloud-radiation in- 
teractions. The main instruments employed by SKYNET consist of 
a sky radiometer (Sano et al., 2003) and basic radiation instruments 
such as pyranometer and pyrgeometer. Since late 2006, as a con- 
sequence of its collaborative efforts with Project ABC (Atmospheric 
Brown Clouds; Ramanathan and Crutzen, 2003), the Phimai Ob- 
servatory has become the sole ABC climate observatory in South- 
east Asia. 

In addition to the aforementioned activities, a special dataset 
from the Virtual Biomass Burning Experiment (cf. http://www. 
nrlmry.navy.mil/aerosol/7seas/), designated as the 7-SEAS warm- 
up exercise, was collected and archived productively to cover the 
entire month of August in 2007 over Southeast Asia. Subsequently 
from 2010 to 2012, a series of pilot IOPs in the northern regions of 
the 7-SEAS domain were successfully conducted at Dongsha Island, 
Taiwan (cf. http://aerosol.atm.ncu.edu.tw/DongSha/; Wang et al., 
2011) and at Son La, Vietnam (cf. http://aerosol.atm.ncu.edu.tw/ 
SonLa/; and Lin et al., 2013 for more details) over the boreal 
spring biomass-burning seasons. Although a few satellites (e.g., 
ICESat, SeaWiFS) reached the end of their lifetime since 2006 BASE- 
ASIA, new ones (e.g., CALIPSO, CloudSat, Suomi NPP) with 
enhanced capabilities have been introduced. Complementing sat- 
ellite observations, the latest addition of ACHIEVE (Aerosol— Cloud- 
Humidity Interaction Exploring & Validating Enterprise, cf. Fig. S4) 
to the SMARTLabs facility contains state-of-the-art active/passive 
sensors for probing the atmosphere. In conjunction with satellite 
overpasses, the strategic deployments of SMARTLabs facility com- 
bined with distributed networks (e.g., AERONET/MPLNET) and 
regional measurements (cf. Fig. 2) near/downwind of aerosol 
source regions and along transport pathways, offer a synergistic 


approach for further exploring many key atmospheric processes 
(e.g., spatiotemporal evolution of aerosols, precursor gases and 
complex aerosol— cloud interactions). Table S2 summarizes the 
instrumentation for the 7-SEAS deployments in the northern re- 
gions of Southeast Asia during the 2010—2012 and upcoming 2013 
campaigns. Additional studies of chemical species (e.g., reactive 
mercury, dioxins and organic acids associated with biomass burn- 
ing) were also (and will be) undertaken. Such analyses are rarely 
performed in Southeast Asia, particularly through a network 
approach. More detailed discussions of the instrumentation, site 
topology, and scientific background for the investigation can be 
found in Lin et al. (2013) as well as other studies in this special 
issue. 

3. Scientific findings 

Solar radiation is the sole large-scale source of diabatic heating 
that drives the terrestrial weather and climate systems. The states 
of these systems are, in part, characterized by the microphysical, 
chemical, and optical properties of aerosols and clouds in their 
horizontal as well as vertical distributions in the atmosphere. Per- 
turbations from their mean values alter the system’s energetics and 
may herald a change of state. Inferences of the aforementioned 
properties through measurements and time series analyses of their 
occurrences hold the keys to understanding aerosol— cloud- 
radiation interactions and the hydrological cycle (cf. Lau and 
Yang, 1997; and references therein). These phenomena are large 
and fundamental components of the Earth— atmosphere system 
that are being perturbed by anthropogenic emissions of aerosols 
and radiatively active trace gases into the atmosphere. Thus, in 
addition to being scientifically interesting in their own right, un- 
derstanding aerosol— cloud— water cycle interactions has bearing 
on human welfare. 

3.1. Aerosol loading and in-situ measurements 

On an annual basis, the northern region of Southeast Asia ex- 
periences widespread emissions of biomass-burning aerosols 
resulting from the combustion of organic matter due to defor- 
estation and agricultural practices (e.g., van der Werf et al., 2010). 
These emissions tend to peak in March, resulting in elevated aer- 
osol loadings in the boreal spring (Streets et al., 2003). Fig. 3 shows 
examples of monthly averaged mid-visible aerosol optical thick- 
ness (AOT) derived from the MODerate-resolution Imaging Spec- 
troradiometer (MODIS) aboard the EOS/Terra satellite. Data from 
the Collection 5.1 algorithms are shown in Fig. 3; the forthcoming 
Collection 6 will incorporate refinements to algorithms and cali- 
bration, including the extension of the Deep-Blue AOT retrieval 
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Fig. 2. Synergistic deployment of SMARTLabs mobile laboratories (yellow markers) with regional network observations in 2010-2013, in northern Thailand/Lao/Vietnam near 
source regions and along transport pathways of biomass-burning aerosols and at downwind cloudy areas in northeastern Vietnam and SCS/ES, to study the evolution of atmospheric 
composition of springtime biomass-burning aerosols and complex aerosol-cloud interactions over northern Southeast Asia in 7-SEAS. 
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Fig. 3. Monthly-mean AOT at 550 nm from MODIS/Terra over Southeast Asia, shown data for February (left column) and March (right column) of 2004 (top row) and 2006 (bottom 
row). Four 2° x 2° boxes around Phimai (BASE-AS1A site) and Chiang Mai, Luang Namtha, & Son La (on-going 7-SEAS sites) are highlighted for statistical analysis between 2004 and 
2006. 


algorithm (Hsu et al., 2004, 2006) from arid surfaces only to both 
arid and vegetated land surfaces. This will enable, for many loca- 
tions, analysis of AOT determined by both the Deep-Blue and Dark- 
Target (Levy et al., 2007) algorithms. 

Four regions within Fig. 3 are highlighted: Chiang Mai (Thai- 
land), Luang Namtha (Laos), Son La (Vietnam) and Phimai (Thai- 
land). Chiang Mai is near strong aerosol sources, while Luang 
Namtha and Son La are progressively farther downwind and at 
lower altitudes, such that the transported aerosol has aged (and 
may also contain contributions from local sources). These four re- 
gions are parts of the aerosol observational sites for the ongoing 7- 
SEAS IOPs, except for Phimai, which was studied extensively during 
BASE-ASIA and is away from this transport route in representing 
more background conditions. Table 1 provides comparative MODIS- 
derived AOT for these regions in February and March of 2004 and 
2006 for contrasting purposes. The March maximum observed at 
these locations is mirrored over most of the region. The AOT in 
March was also higher in 2004 than in 2006 (the BASE-ASIA year), 
linked with the lower precipitation and higher biomass-burning 
emissions in 2004 (c/. Fig. 1), although the spatial patterns are 
similar. MODlS-derived AOT and the statistical variability of this 


Table 1 

Monthly mean values and day-to-day standard deviation of AOT at 550 nm wave- 
length from MODIS/Terra, for four regions within Fig. 3. 


Region 

Chiang Mai 

Luang Namtha 

Son La 

Phimai 


18-20 °N, 
98-100 °E 

19-21 °N, 
101-103 °E 

20-22 °N, 
103-105 °E 

14-16 °N, 
101-103 °E 

2004 

February 

0.44 ± 0.28 

0.52 ± 0.34 

0.56 ± 0.28 

0.41 ± 0.24 

March 

0.78 ± 0.31 

1.19 ± 0.35 

1.23 ± 0.41 

0.52 ± 0.24 

2006 

February 

0.22 ± 0.16 

0.23 ± 0.11 

0.28 ± 0.16 

0.31 ± 0.15 

March 

0.52 ± 0.28 

0.75 ± 0.29 

0.76 ± 0.28 

0.47 ± 0.19 


quantity exhibit strong similarities for Luang Namtha and Son La. In 
these two regions, the AOT exceeds unity during March 2004, sig- 
nificantly greater than that over either Chiang Mai or Phimai. The 
large standard deviations reveal considerable variability in the day- 
to-day aerosol burden, particularly in the high-AOT months, sug- 
gesting some typical background aerosol loading punctuated by 
high-AOT biomass-burning events. Spatial and seasonal variations 
in AOT from MODIS/Aqua are similar. In addition, Gautam et al. 
(2013) also analyzed the relationship between seasonal aerosol 
loading and biomass-burning activities, as observed in the inter- 
annual variations of AOT and fire counts from MOD1S, averaged 
over the northern region of Southeast Asia (Myanmar, Thailand, 
Laos) from 2001 to 2010. The MODIS-detected fire activity peaked 
strongly during the February— April period and was well correlated 
(r 2 = 0.66) with AOT, suggesting smoke due to forest fires and 
agricultural crop burning as the major contributions to the seasonal 
aerosol burden. 

Although the analyses of the physical and chemical properties of 
aerosols based on in-situ measurements from 2010 to 2012 IOPs near 
source regions and along transport pathways are still largely in 
progress (c/. Lin et al., 2013), Li et al. (2013) presented a compre- 
hensive study using measurements made in Phimai during the 2006 
BASE-ASIA field campaign. Sizable aerosol loading was measured; 
the mean aerosol scattering and absorption coefficients 
(A = 0.55 pm), and PM 10 concentration were 108 ± 64 Mitt 1 , 
15 ± 8 Mm -1 , and 33 ± 17 pg itT 3 , respectively. Due to prevalent 
agricultural fires in the area, carbonaceous aerosols were the most 
abundant species (organic carbon, OC: 9.5 ± 3.6 pg nT 3 ; elemental 
carbon, EC: 2.0 ± 2.3 pg m~ 3 ). The concentration of water-soluble 
K + , a tracer for biomass-burning emissions, reached 
0.56 ± 0.33 pg m~ 3 . On the other hand, even for this relatively 
remote rural site, industrial and other anthropogenic sources exert, 
nevertheless, substantial impact on aerosol pollution, as suggested 
by the loadings of S0 4 2 ~ (6.4 ±3.7 pg nT 3 ), NH 4 + (2.2 ±1.3 pgm~ 3 ), 
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and N0 3 - (1.0 ± 0.8 pgm -3 ).The humid environment in Phimai was 
important in determining the regional aerosol composition and 
properties. The size distribution and diurnal change of sulfate sug- 
gested active aqueous phase reactions, and hygroscopic growth of 
particles has the propensity of enhancing the aerosol light scattering 
by about 20%. Enhancement was observed to be much stronger in 
the morning, leading to diurnal variation in the single-scattering 
albedo of aerosols (0.86 ± 0.04 to 0.92 ± 0.02). Gautam et al. 
(2013) extended the study of the diurnal pattern beyond the 2006 
BASE-AS1A deployment to cover different regions in Thailand. The 
direct sun measurements from AERONET for the peak smoke-laden 
period (March— April) in years 2007—2009 at Chiang Mai, Mukda- 
han, Phimai and Silpakorn University revealed similar diurnal pat- 
terns and values of aerosol single-scattering albedo. Overall, results 
from the BASE-ASIA experiment indicate that aerosol pollution 
might have developed into a regional issue for northern Southeast 
Asia (Li et al., 2013), and may become more severe in the future. 

During the spring 2010 of 7-SEAS, comprehensive measure- 
ments (Wang et al., 2011 ) of aerosols and trace gases were acquired 
at Dongsha (20.70 °N, 116.73 °E, or Pratas Islands), an atoll located 
in northeastern South China Sea (or East Sea; hereafter referenced 
as SCS/ES) and downwind of seasonal monsoon flows. Between 
March 10 and May 19, the mean concentrations of CO, 0 3 , and PM10 
were 237.9 ± 70.0 ppbv, 42.0 ± 14.6 ppbv, and 30.2 ± 17.5 pg itT 3 , 
respectively. Temporal variations of pollutants related to source 
origins and transport processes were strongly dominated by 
meteorological dynamics. Two independent studies (Atwood et al., 
2013; Wang et al„ 2013) using coincident measurements of aerosol 
properties revealed that the northeastern SCS/ES exhibits a strong 
marine aerosol signature mostly confined inside the boundary layer 
(~1 km) consisting of sea-salt, dust and pollution, along with 
upper-level aerosols, related to biomass-burning smoke from 
Southeast Asia, found above the inversion (~3— 4 km). Composi- 
tional analysis of surface observed aerosol species yields convincing 
evidence that crustal elements are associated with dust and heavy 
metals tied to industrial pollution, whereas chlorine and magne- 
sium are related to sea salt. The high aerosol hygroscopicity (Jsox- 
1.8, or/85%: 2.1) also suggests a mixture of anthropogenic and ma- 
rine aerosols. 

Back trajectory analyses showed transported air masses ( ~ 52%) 
were generally dominated by low-level flows from continental and 
coastal regions north of the SCS/ES, including the major dust 
source regions in northwest China (i.e., Taklamakan and Gobi 
deserts), while upper-level transport of aerosols was found to have 
originated from Southeast Asia. Aerosols of continental origin have 
higher mass concentrations (PM10: 37.7 ± 17.1 pg itT 3 ), scattering 
(ft: 72.4 ± 33.2 Mm -1 ), absorption (ft: 4.4 ± 2.7 Mm -1 ) and 
extinction (ft: 76.8 ± 34.9 Mm -1 ), and single-scattering albedo (w: 
0.94 ± 0.03; all at A = 0.55 pm), than those associated with 
aerosols of oceanic origin (PM10: 22.0 ± 14.0 pg m -3 ; ft: 
53.1 ± 29.7 Mm -1 ; ft: 5.4 ± 3.5 Mm -1 ; ftp 58.5 ± 30.9 Mm -1 ; w: 
0.90 ± 0.07). Note that aerosols having pure oceanic origin (e.g., 
sea-salt) typically exhibit much higher values of oj (e.g., ~0.99 
reported in Anderson et al., 1999). Hence, the values derived in 
Wang et al. (2013) reflect marine aerosol mixtures containing 
anthropogenic components with stronger absorption, such as EC. 
Air masses with trajectories characterized by easterly/southerly 
paths over maritime continents (i.e., the Philippines), exhibited 
higher fractions of EC than aerosols of continental origin (4% vs. 3%, 
Chuang et al., 2013). Emissions from local shipping activities, 
mostly fishing, are small, although could contribute to the 
observed reductions in scattering. Nevertheless, this study uses 
the term “oceanic” to distinguish these aerosols from those of 
continental origin. The lack of a potassium signal, a common tracer 
for smoke, in the surface measurements together with clear upper- 


level features observed in the lidar normalized relative backscatter 
(NRB) profiles and simulations from diagnostic/prognostic models 
(e.g., Navy Aerosol Analysis and Prediction System, NAAPS, and 
Navy Operational Global Atmospheric Prediction System, NOGAPS, 
used in Atwood et al., 2013), strongly suggest the presence of 
smoke aerosols above the marine boundary layer. This multilayer 
distribution of aerosols has important implications on remote 
sensing and retrievals, radiation budget, and aerosol— cloud- 
radiation interactions. 

For years, the aerosol community has been grappling with the 
ill-posed problem of bridging together the modeling and observa- 
tional perspectives of aerosol optical properties and how these 
relate to their mass. Solutions to these difficult problems are vitally 
important, particularly in remote sensing and climate studies of the 
Earth-atmosphere system. With continued advancements in 
instrumentation and modeling, optical closure experiments are 
becoming increasingly more successful and key optical parameters 
(e.g., mass extinction efficiencies) are becoming better charac- 
terized. Although important for studies on visibility reduction and 
air quality, many of the recent efforts have only focused on the light 
scattering properties of aerosols. There is still a large need to 
characterize the spectral absorbing properties of aerosols, partic- 
ularly for heavy aerosol-laden regions, and the impact they have on 
the energetics of the atmosphere. The site of 7-SEAS/Dongsha is 
located at a convergence zone for many different aerosol types 
including pollution, smoke, dust and sea-salt. Achieving optical 
consistency at this dynamic location will ultimately benefit future 
radiative and climate studies. 

Bell et al. (2013) attempted optical closure for both scattering 
and absorption using SMARTLabs-COMMIT measurements taken 
during the Dongsha experiment at in 2010. Imperative to this study 
was the use of an IMPROVE (a modified Interagency Monitoring of 
PROtected Visual Environments) chemical sampler and joint 
microphysical measurements to help constrain aerosol composi- 
tion and particle size in an optical model, from which the derived 
and measured optical parameters were compared. Given the as- 
sumptions required for partitioning the data, the model demon- 
strated skill in identifying peak aerosol events and transitions 
between key aerosol types. Atwood et al. (2013) also observed 
similar aerosol components at Dongsha using a collocated 8-stage 
DRUM (Davis Rotating-drum Uniform size-cut Monitor) sampler. 
Transitions from heavily polluted aerosols composed mostly of 
ammonia and non sea salt sulfate mixed with dust to mainly sea 
salt were more evident in absorption, due to the large variability in 
the imaginary component of the refractive indices. Scattering is 
shown to be negatively biased owing to the dry particle assumption 
employed in the study. In contrast, absorption agreed reasonably 
well with the measurements, with noted scatter for higher 
observed absorption values. This variability was attributed to ini- 
tializing the model with an excess amount of soot or from the 
assumption that the aerosol mass across all particle size bins is 
equal. Instrumental limitations make it difficult to achieve full 
optical closure for a complex environment like Dongsha. However, 
given these limitations, the ability to track the changing optical 
properties of aerosols lends support to the consistency of ground- 
based measurements by COMMIT and demonstrates the utility 
that these measurements have for advancing climate research 
studies. 

3.2. Cloud properties from remote sensing and surface observations 

During boreal spring, two prominent cloud features in 
Southeast Asia are the widespread, persistent occurrence of thin 
cirrus clouds and quasi-stationary stratocumulus cloud bands 
stretching over vast expanses northwestwards from northern SCS/ 
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ES to southeast China. Cirrus clouds play a critical role in modu- 
lating the radiation budget of the Earth-atmosphere system 
through the solar-albedo and infrared-greenhouse effects which 
are determined by the fundamental scattering and absorption 
properties of the complex microstructure among ice crystals (e.g., 
size and shape distributions) and large variability in cloud optical 
thickness (e.g., Stephens et al., 1990). Consequently, the net effect 
of cirrus clouds on the radiation budget and its climatic feedback 
are highly uncertain. Further complicating the issues in the re- 
gion, thin cirrus clouds aloft often co-exist with smoke aerosols. 
To avoid biases introduced by the presence of cirrus clouds, rig- 
orous cloud screening schemes are of paramount importance for 
accurate remote sensing and retrievals of aerosol properties, as 
well as quantifying the effects of aerosols on climate forcing. The 
susceptibility of ground-based and satellite aerosol retrievals to 
thin cirrus contamination (Huang et al., 2011) was examined 
comprehensively using concurrent aerosol (AERONET and MODIS) 
and cirrus observations (MPLNET and MODIS) at Phimai during 
the 2006 BASE-AS1A campaign. Results reveal that current 
operational AERONET and MODIS AOT products may still have 
residual thin cirrus contamination with strong seasonality. At 
Phimai during the late spring, cirrus clouds contaminated ~20% 
of AOT retrievals, increasing their monthly means values by about 
5%. Consequently, caution must be exercised, and careful evalua- 
tion of the effects by thin cirrus contamination must be consid- 
ered, before retrieved AOT values are used in aerosol-related 
climatic forcing studies. 

Ubiquitous low-level stratiform clouds exert a net radiative 
cooling effect on the Earth— atmosphere system by scattering solar 
radiation back to space. Klein and Hartmann (1993) identified ten 
regions of active stratiform convection globally, in which the for- 
mation of stratiform clouds occurs predominantly over Earth’s 
oceans with the exception of those over northern SCS/ES that 
extend deeply into the southeastern plains of China. Lower sea 
surface temperatures (SST) coupled with strong temperature in- 
versions confine these clouds inside the marine boundary layer. 
Seasonal variability in the fraction of these clouds is inextricably 
linked to the static stability of the atmosphere, more so than any 


other thermodynamic or dynamic parameters. As static stability or 
inversion strength increases, marine stratiform convective pro- 
cesses dominate (e.g., December— March), characterized by strong 
surface divergence and relatively cooler SST; however, with 
warmer SST, the inversion strength is reduced, surface 
convergence increases, and cumulus convective processes 
dominate (e.g., May— August). During the winter months and 
early spring season, the fraction of stratiform clouds is nearly 50% 
and is linked to lower tropospheric stability. Stronger wintertime 
stratiform clouds for this region are associated with a local 
Hadley circulation (Klein and Hartmann, 1993) where strong sub- 
sidence is found over a surface high-pressure system that extends 
throughout southeastern China. With the onset of the monsoon 
season, moist southerlies converge just off SCS/ES, which leads to 
deep convection. 

To maximize the observational efficiency of the planned 7-SEAS 
campaign in 2013 for studying aerosol— cloud interactions over 
northern Southeast Asia, instruments should be deployed strate- 
gically in areas where the seasonal biomass-burning aerosols and 
the stratocumulus clouds frequently overlap and interact with each 
other. Such areas are sometimes clearly visible near the western 
edge of these pre-monsoon clouds in satellite images, as depicted in 
Fig. 4a. To objectively determine the potential sites for the field 
experiment, we analyzed the cloud products retrieved from 
MODIS/Terra during spring (February to May) 2005—2009. For each 
day, the MODIS Collection 5 Level-2 cloud fraction (CF, range: 0—1, 1 
corresponds to fully overcast sky conditions) product at 5 x 5 km 2 
spatial resolution was first binned into 0.1° x 0.1° grid cells. The 
gradient in CF was then calculated, since the edge of the cloud band 
for a particular day is often associated with cells of large CF gradient 
(>0.4). Repeating the process for the 5-year period, and for each 
grid cell, the occurrences of large CF gradient values can be counted. 
As shown in Fig. 4b, areas in northern Vietnam and in central 
Vietnam near the border with Laos have the greatest occurrence of 
high CF gradients. Further examination of the terrain in the region 
suggests that the pre-monsoon cloud bands are primarily made up 
of low-level stratocumuli that are often blocked by the north- 
south mountain range (elevation: 1—2 km). These results agree 




Fig. 4. (a) MODIS/Aqua image over Southeast Asia, on 7 March 2010, depicting smoke plumes over Thailand due to forest fires and agricultural crop burning during the dry pre- 
monsoon season. Presence of smoke aerosols is also visible over the widespread stratiform clouds covering from northern Vietnam to southern China, (b) Using NCEP/GDAS 1° x 1° 
data, typical 48-h HYSPL1T backward trajectories starting at 03 UTC on 7 March 2010 reveal that 925 hPa flow (or about 750 m above mean sea level, AMSL) comes mainly from the 
East, including SCS/ES, and both the 850 hPa and 700 hPa flows are primarily from the West. The edges (marked in triangles) of boreal spring clouds most frequently observed by 
satellites are also superimposed on the map. 
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well with the analyses of HYSPLIT backward trajectories (Draxler 
and Rolph, 2003), which indicate prevailing flow from the east at 
the 925 hPa level. At higher altitudes (850 and 700 hPa), flow with 
transported aerosols is primarily from the west (c/. trajectories in 
Fig. 4b). 

Across Vietnam, a ground-based network of 231 meteorological 
stations, including 18 solar radiation posts, continuously monitor 
atmospheric conditions and surface irradiance. These surface ob- 
servations were used to study the temporal distribution of clouds in 
this region. As shown in Fig. 5, the regional distributions of sun- 
shine duration, measured by the surface solar irradiance tran- 
sitioning through a prescribed threshold (e.g., mean value of 
120 WitT 2 , as suggested by World Meteorological Organization, 
2008), are highly variable across the seven climatic zones in Viet- 
nam. Measurements of sunshine duration are linked to the meth- 
odology employed (e.g., pyranometric, pyroheliometric, etc.) and 
the seasonal and site dependencies in the surface irradiance at 
a given location. In a recent review paper, Wild (2009) reported 
that surface sunshine duration may serve as a useful proxy for 
surface solar radiation, in turn, indicating the frequency of occur- 
rence of cloudiness. Annually, cloud-free conditions reported by 
meteorological stations exist about 22% of the time; hence, clouds 
are ubiquitous throughout the year with precipitating cloud sys- 
tems contributing up to 1.5—2 m of rain over a period of about 
100 days. The variability in total received surface solar irradiance 
(in terms of sunshine hours), and hence cloud cover, across the 
climatic zones, reflects the transition period between monsoon 
seasons during the year. Histograms depicting normalized fre- 
quency of sunlight hours reveal that the coastal regions in the 
northern (e.g., Hanoi) and central parts of the country exhibit 
minimum periods of sunlight corresponding to the southern 
monsoon (May— September). With the onset of northerly to 
northeasterly winds, the northern monsoon (October— April) 
leads to periods of greater sunlight hours in the country’s 
southern regions (e.g., Ho Chi Minh City), whereas locations to 
the North are generally cloudy. Analyses of morning sounding 
profiles obtained during spring (February to May) 2005—2009 
over Hanoi (east of the identified cloud-edge area in Fig. 4b) pro- 
vide additional evidence that pre-monsoon clouds are predomi- 
nantly located at 850—925 hPa, especially in February and March. 
More active cumulus convection in April and May drives up the 
overall cloud height over the region, while the cloud edge captured 
by satellite sensors becomes less evident. Compared to central 
Vietnam, northern Vietnam often lies on the transport pathways of 
biomass-burning aerosols originating from northern Myanmar/ 
Thailand/Laos. Thus, the best time for probing the aerosol— cloud 
interactions in northern Vietnam is from February to April. 
SMARTLabs-ACHlEVE, sporting a suite of cloud/rain radars and 
a passive microwave radiometer, will be instrumental in probing 
cloud microstructure and be strategically placed near the edge of 
cloud-dominated regions (e.g., Yen Bai, Vietnam in Fig. 2). 

3.3. Vertical distribution of aerosols and clouds and their 
interactions 

Prior to the onset of the Asian summer monsoon, smoke plumes 
and widespread stratiform clouds are often visible in satellite im- 
agery (c/. Fig. 4a). Gautam et al. (2013) presented results from 
multi-year (2007—2011) analyses of space-borne CALIOP (Cloud- 
Aerosol Lldar with Orthogonal Polarization) vertically-resolved 
measurements over Southeast Asia. In general, a strong north- 
south gradient is observed from relatively clean equatorial envi- 
ronment to heavy smoke-laden northern regions. As shown in 
Fig. 6a— b, the boreal spring aerosols generally extend to altitudes of 
~4 km over northern Myanmar— Thailand— Laos and southern 



Fig. 5. Normalized frequency of occurrence in sunshine duration, based on measure- 
ments from 231 meteorological stations over seven climatic zones in Vietnam, used as 
a proxy of surface solar irradiance for depicting temporal distribution of cloud cov- 
erage. In boreal spring, the most prominent feature over northern Vietnam is fre- 
quently cloudy skies from mountain ranges to the East and cloud-free skies to the 
West. 


China. The stratiform clouds are prevalent in the boundary layer 
with cloud tops at ~2 km and depths of ~1 km (c/. the con- 
vergence of dew-point and air temperature in Fig. 6d). Smoke 
plumes from the region are frequently advected so as to overlying 
and overlapping with the cloud decks and cause cloud darkening 
(Hsu et al., 2003) by lowering the reflectivity/albedo at the top of 
atmosphere (TOA). As clearly seen in the CALIOP backscattered 
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Fig. 6. On 7 March 2010, widespread aerosol layer across Southeast Asia measured by CALIOP shown (a) 532 nm attenuated backscatter in the daytime transect (inset) from Malay- 
Borneo to northern China; (b) nighttime transect (inset) of 532 nm attenuated backscatter suggesting a prominent aerosol layer overlying and overlapping with the stratiform cloud 
deck from ~16°N to ~27”N; (c) as in (b) but for corresponding CALlOP-derived volume depolarization ratio profile further indicating fine-mode aerosols above the cloud deck over 
Vietnam and southern China; and (d) radiosonde (12Z) profile of air temperature (blue) and dew-point (red) at Hanoi indicating presence of the shallow cloud deck approximately 
within 925-850 hPa, with an inversion layer above the cloud top. 


signals, a smoke-laden aerosol layer resides in the vicinity of the 
cloud decks and appears to be directly placed on top of the strati- 
form layer (Fig. 6b). The close proximity of clouds to the overlying 
pronounced aerosol layer is also evident in the CALlOP-derived 
volume depolarization ratio (VDR, Fig. 6c) profile where the fine- 
mode aerosols are associated with VDR less than 10%, in contrast 
to the higher VDR of the cloud decks. Based on these observations, 
it can be argued that aerosols and clouds in this region reflect the 
strength of a tightly coupled system and provide a unique test-bed 
for deepening the understanding of aerosol— cloud microphysical 


interactions as well as aerosol-induced radiative effects on regional 
cloudiness. 

In addition to accurately detecting the vertical organization of 
cloud and aerosol layers by lidars, their spatial and temporal dis- 
tributions obtained from imagers are also critical for quantifying 
the impacts of both aerosols and clouds on radiative energetics. 
Fig. 7 provides a global survey on the frequency of occurrence of 
absorbing aerosols in the presence of clouds, using the longest 
available satellite measurements by employing the Aerosol 
Index (AI; first introduced by Hsu et al., 1996) derived from the 
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Fig. 7. Global frequency distribution (day year ') of absorbing aerosols in the presence of clouds, defined as AI > 1.5 (indicating moderate absorbing aerosol loading) and UV 
reflectivity > 35% (specifying the presence of clouds) from TOMS daily Level-3 data between 1997 and 2001. 


backscattered ultraviolet (UV) radiation by the Total Ozone Map- 
ping Spectrometer (TOMS) aboard Earth Probe (in operation from 
1996 to 2005). Note that since the Earth Probe TOMS sensor had 
degraded significantly after 2001, we only include the AI analysis 
using data acquired in 1997—2001. Similar patterns shown in Fig. 7 
are also obtained, using measurements from either TOMS aboard 
Nimbus-7 (1978—1993) or the Ozone Monitoring Instrument (OMI) 
aboard Aura (2004 — present) acquired under nominal conditions 
without significant sensor calibration issues. The AI is a measure 
of the wavelength-dependent reduction of Rayleigh-scattered 
radiance by aerosol absorption relative to a pure Rayleigh atmo- 
sphere. However, the AI— AOT relationship depends on factors such 
as surface reflectance, aerosol height, aerosol type, and presence or 
absence of clouds. The resulting detections (c/. Fig. 7) are clustered 
mainly in four regions in descending order of frequency of occur- 
rence: southwestern Africa, northeastern Southeast Asia, Ama- 
zonia, and the west coast of North America. The environmental 
variations encountered in these regions offer different possibilities 
and challenges for studying aerosol— cloud interactions. 

During boreal spring, Southeast Asia may provide a relatively 
simple, natural laboratory for investigating the interactions 
between absorbing aerosols in the presence of clouds, even though 
this region falls second in the frequency of occurrence. Absorbing 
aerosols produced by biomass burning in central and southern 
Africa have been the subject of field campaigns (e.g., Eck et al., 
2001; Swap et al., 2003). Garstang et al. (1996) reported that in 
this region the frequent occurrence of a recirculation gyre, driven 
by interacting planetary- and synoptic-scale features of the general 
circulation in the southern hemisphere, can obfuscate the precise 
identification of aerosol sources and evolution of clouds/airmasses. 
The semi-permanent south Atlantic anticyclone, the continental 
anticyclone over southern Africa, and the south Indian anticyclone 
have a dominating effect on all transport patterns of aerosols 
and precursor gases including those produced by biomass-burning 
activities. Further complicating the study of aerosol— cloud in- 
teractions in this region is the recirculation (or stratified flows) 
occurring horizontally on a massive scale, and the absolutely stable 


capping layers strongly inhibit vertical transport (Garstang et al., 
1996). This results in decoupled layers of aerosols and clouds that 
are often detected by satellite and aircraft measurements (e.g., 
Wilcox, 2012). Consequently, some degree of elevated uncertainties 
will be introduced when analyzing and interpreting the aerosol- 
cloud interactions, which are intertwined with the kinematic and 
thermodynamic fields of motion and variables of state. 

Over Amazonia, the interactions of biomass-burning aerosols 
with clouds can also be diverse. On the one hand, atmospheric 
heating due to aerosol absorption can suppress the formation of 
boundary-layer clouds (e.g., Koren et al., 2004). On the other, the 
aerosol particles can act as additional cloud condensation nuclei, 
suppressing precipitation at low altitudes, and result in the for- 
mation of pyro-cumulus clouds with elevated tops (e.g., Andreae 
et al., 2004). Amazonian smoke may also be entrained by deep 
convective clouds, and transported long distances at high altitudes 
(e.g., Edwards et al., 2006). Yu et al. (2007) found different links 
between aerosols and clouds in different years, probably attributed 
to changes in cloud vertical structure, although measurements 
were insufficient to draw strong conclusions. Additionally, the 
small size of many clouds in this region introduces 3-dimensional 
radiative transfer effects that hinder the interpretation of satellite 
data (e.g., Wen et al., 2007). Thus, these studies highlight the 
complexity of aerosol— cloud interactions in this region. 

Off the west coast of North America, the compelling phenomena 
of aerosols interacting with clouds (marine boundary-layer-capped 
stratocumulus, covering about one-third of the ocean surface on 
Earth) are visible from tracks along the shipping lanes, observed by 
mariners as early as 1944 (Durkee et al., 2000). The formation and 
evolution of ship tracks can be viewed as a controlled experiment 
where anthropogenic pollution modulates the properties of an 
extensive cloud system (e.g., the albedo effect; Twomey et al., 1984), 
because ship tracks result from individual and localized sources 
(ship effluents) in a relatively simple marine environment within 
finite spatial and temporal scales. Recent studies (e.g., Christensen 
and Stephens, 2011) further illustrate that aerosols affect the 
microphysical (e.g., drop size) and macrophysical (e.g., water 
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content) responses of marine stratocumulus to varying mesoscale 
cellular structures and ambient meteorological conditions above 
clouds. By analyzing a combination of satellite and reanalysis data, 
however, Peters et al. (2011 ) found no statistically significant effects 
of aerosols from ship emissions on large-scale cloud fields over 
remote oceans. Similarly, smoke aerosols produced by occasional 
biomass-burning events in Canada and Russia can be transported 
long distances, with noticeable effects on the meteorology and 
radiation budget of the affected regions (e.g., Hsu et al., 1999; Jaffe 
et al., 2004). However, the spatial and inter-annual variability are so 
large as to preclude these events for planning a field campaign 
designed to probe aerosol— cloud interactions. 

Biomass-burning aerosols above clouds can potentially enhance 
absorption of solar radiation and the associated radiative warming 
may lead to subsequent feedbacks on the regional cloudiness. Using 
a satellite-based approach, Chand et al. (2009) showed that the 
radiative warming of smoke aerosols increases with underlying 
cloud coverage leading to a positive aerosol radiative effect at the 
TOA over the southeast Atlantic. Model simulations (Perlwitz and 
Miller, 2010) suggested analogous results due to absorbing dust 
(or black carbon) aerosols. In addition, Wilcox (2012) showed that 
observed enhancement in the cloud liquid water path suggests 
thickening of the stratocumulus cloud decks over the southeast 
Atlantic, during episodes of smoke-above-clouds, leading to 
aerosol-induced radiative cooling. The increases of cloud water 
content were attributed to an additional mechanism whereby 
radiative warming of the elevated smoke layer enhances the 
buoyancy of the free tropospheric air above clouds and inhibits 
cloud-top entrainment. Similarly, over northern regions of South- 
east Asia, for stratiform cloud decks beneath smoke layers, 
enhanced aerosol solar absorption may reduce relative humidity 
thus promoting evaporation of clouds ( via so-called semi-direct 
aerosol effects). The competing cooling effect induced by absorbing 
aerosols over the southeast Atlantic, shown to partially compensate 
for the positive warming effect, may therefore take place over this 
region as well. However, as observed by CALIOP backscatter data, 
the smoke layer resides in close proximity to the top of the strati- 
form cloud decks over northern regions of Southeast Asia and a free 
tropospheric pristine layer, separating the aerosols from clouds, 
may be absent. By comparison, over the southeast Atlantic, the 
smoke and cloud layers were found to be separated by at least 
250 m in the vertical domain (e.g., Chand et al., 2009; Wilcox, 

2012) . Therefore, it remains for future investigations to demon- 
strate how a relatively closed smoke-above-cloud environment, as 
observed over northern Southeast Asia, may influence the overall 
changes in radiative effect compared to a decoupled smoke-above- 
cloud scenario over the southeast Atlantic. 

Furthermore, during the 7-SEAS springtime 2010 experiment 
conducted at Dongsha Island in the northern SCS/ES, ground-based 
EZ-lidar NRB measurements along with aerosol chemical analyses 
show compelling evidence for an aerosol-rich environment with 
noticeable vertical structure (Wang et al., 2013; Atwood et al., 

2013) . Combining these measurements with aerosol transport 
models provides additional insight into the origins of the air 
masses. The measurements corroborate the linkage of vertically 
stratified and temporally inhomogeneous aerosol layers over the 
SCS/ES with strong vertical wind shear and temperature inversion, 
leading to a complex structure of distinct aerosol types. This ver- 
tical distribution has important implications for remote sensing 
applications and also its effects on the energy balance of the at- 
mosphere. Perturbations to the monsoon onset conditions over 
Southeast Asia during springtime can potentially have great influ- 
ence on the development of the large-scale Asian summer mon- 
soon (Lau and Yang, 1997). Therefore, multi-sensor satellite 
(imager, lidar and radar) as well as surface-based observations are 


required to simultaneously characterize the coupled aerosol— cloud 
structure and their physical properties, which will help improve 
microphysical and radiative parameterizations of aerosol-cloud 
interactions. A synergy of ground-based, space-borne and subor- 
bital measurements, along with cloud resolving models, is required 
to further establish the vertical structure of the aerosol— cloud 
interaction zone over Southeast Asia and to better understand the 
associated radiative-convective feedbacks. 

3.4. Regional aerosol radiative effects and impact assessment 

Southeast Asia witnesses the earliest spells of rainfall thus 
marking the onset of the Asian summer monsoon. The pre- 
monsoon season represents a transition period from dry stable 
atmospheric conditions (February— March) to enhanced convective 
activities and the onset of the rainy season (late April— early May) in 
Southeast Asia. During the dry pre-monsoon period, extensive 
biomass burning contributes significantly to the regional aerosol 
emissions. As already discussed, the smoke plumes are observed to 
advect over large areas of stratiform clouds, leading to enhanced 
perturbation of radiative energetics by the aerosol— cloud system. 
By combining narrowband radiance (SeaWiFS and TOMS) with 
broadband irradiance (CERES) measurements, Hsu et al. (2003) 
reported that instantaneous reflected solar (emitted thermal) ra- 
diation from clouds at the TOA due to smoke aerosols can be 
reduced (enhanced) by as much as 100 (20) WirT 2 during March 
2000. Thus, the modulation of cloud radiative forcing by smoke 
aerosols during the pre-monsoon season may play a significant role 
in perturbing the summer monsoon circulation and rainfall pat- 
terns, as also demonstrated by climate modeling (e.g., Ramanathan 
et al., 2005). 

Gautam et al. (2013) further studied the optical and radiative 
properties of aerosols over Southeast Asia during pre-monsoon 
season from satellite and ground-based radiometric measure- 
ments. Based on column-integrated, surface measurements from 
four AERONET locations distributed over Thailand (Chiang Mai, 
Mukdahan, Phimai and Silpakorn University), the regional aerosol 
loading was found to be significantly absorbing, characterized by 
the spectral single-scattering albedo, to, below 0.91 ± 0.03 in the 
440—670 nm range. During February— April in 2008—2009, the 
lowest seasonal-mean w (most absorbing aerosols) was found over 
Chiang Mai (w ~0.85 ± 0.03), associated with heavy biomass- 
burning aerosols and local urban pollution. Using instantaneous 
CERES TOA shortwave irradiance in conjunction with MODIS AOT 
(x) over AERONET sites, the aerosol radiative forcing efficiency, F E , 
can be determined under cloud-free conditions. The instantaneous 
F e at the TOA varied from 18.6 ± 0.96 Wm~ 2 iT 1 at Chiang Mai to 
30 ± 2.91 Wm~ 2 iT 1 at Phimai. Overall, consistency in the aerosol 
radiative impact was found between the AERONET-retrieved w and 
satellite-derived F E at the TOA - the lower id, the smaller F E . 
Although regional aerosols are significantly absorbing compared to 
those reported by Patadia et al. (2008) over Amazonia (based on 
satellite-derived F E ), especially over Chiang Mai, the analyses of f E 
indicate that the aerosol layer is more reflecting than the under- 
lying surface, as it is associated with a positive F E , i.e„ increasing 
TOA reflected irradiance with respect to increases of AOT and 
therefore induce negative forcing at the TOA. 

In addition to evaluating aerosol climatic effects, regional 
modeling studies (Fu et al„ 2012; Huang et al„ 2013) were con- 
ducted to assess the impact of biomass burning on atmospheric 
composition in Southeast Asia by using CMAQ (Community Mul- 
tiscale Air Quality modeling system; Byun and Scheie, 2006). 
Measurements (e.g., CO, a common tracer for biomass-burning 
sources) from BASE-ASIA at Phimai were first compared to the 
simulations using two biomass-burning emission inventories: 
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FLAMBE (Fire Locating and Modeling of Burning Emissions; Reid 
et al., 2009) and GFED. The comparison indicated that the FLAMBE 
emission inventory performed better in this region than GFED, due 
to additional emissions contributed from fires by agricultural 
wastes. In the source region (Southeast Asia), biomass burning could 
contribute as high as 400 ppbv, 20 ppbv and 80 jig itT 3 to the surface 
CO, O3 and PM2.5 concentrations, respectively. Upward transport 
from the surface to high altitudes was simulated, along with a strong 
eastward transport between 2 km and 8 km. Concentrations due to 
long-range transport could also range from about 160 to 360 ppbv, 8 
to 18 ppbv and 8 to 64 pg itT 3 for CO, O3 and PM2.5 in the downwind 
regions, respectively. Although discrepancies existed between 
CMAQ simulations and measurements from both satellite and sur- 
face networks due to high uncertainties in emission inventories, 
chemical tracers of particulate I< + , OC concentrations and OC/EC 
ratios showed distinct regional characteristics, suggesting biomass 
burning and local anthropogenic emissions dominated the aerosol 
chemical composition and AOT. Scenario simulations indicated that 
the impact of biomass burning on the downwind regions spread 
over a large area via the Asian spring monsoon, which included 
southern China, SCS/ES, and Taiwan Strait. In the source regions, the 
contribution from biomass burning to AOT was estimated to exceed 
56%, while in the downwind regions, the contribution was still 
noteworthy within the range of 26%— 62%. These studies clearly 
show the significant impact of biomass-burning aerosols on the air 
quality in both local and downwind areas over Southeast Asia, par- 
ticularly during biomass-burning episodes. 

Furthermore, transpacific transport and the impact of Asian dust 
aerosols have been well documented, but little is known about their 
invasion to the SCS/ES during boreal spring. Wang et al. (2011) pre- 
sented the first detailed characterization of such case during 7-SEAS/ 
Dongsha. On 19—21 March 2010, a fierce Asian dust storm affected 
large areas from the great Gobi Deserts to the West Pacific, including 
Taiwan and Hong Kong. Utilizing SMARTLabs-COMMIT in-situ mea- 
surements and lidar profiling, the concentration, size distribution, 
hygroscopicity, optical properties and vertical structures of this long- 
range transport dust event were analyzed. The dust particles were 
mixed with anthropogenic and marine aerosols, and transported 
near the surface. These results lead to an important implication 
regarding the extent to which the Asian dust transport may influence 
biogeochemistry in northern SCS/ES. This region represents a unique 
biogeochemical environment in the world’s marginal seas, 


(a) Feb-Mar-Apr correlation 
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characterized by iron-depleted and oligotrophic surface waters. For 
years, it was widely believed that this region received significant 
amount of dust aerosols from the Asian continent. Hence, many 
regional oceanic studies have proposed that atmospheric forcing 
plays a major role in the marine ecosystem, even though the obser- 
vational evidence is sparse. Wang et al. (2012) presented a satellite 
perspective on Asian dust-triggered biogeochemical response over 
the northern SCS/ES, in which long-term satellite data and 16-year 
surface PM 10 observations were integrated to provide strong evi- 
dence for the dust transport and significant enhancement of chlor- 
ophyll blooms. Dust-laden air masses in six historical heavy-dust 
events were shown to contain readily bio-available iron for imme- 
diate uptake by phytoplankton to cause successive blooming. 

Besides atmospheric composition, another fundamental quan- 
tity, the redistribution of fresh water, which includes severe 
drought and flooding, can be affected by anthropogenic 
emissions - an outstanding issue relevant to global community. To 
study the large-scale aerosol— cloud-precipitation interactions, 
a synergy of long-term multi-sensor (passive and active) observa- 
tions and model simulations is required. High aerosol anomalies are 
often associated with overall reduced precipitation and fewer 
raining days but enhanced rain intensity, reduced mid-tropospheric 
latent heating, and a redistribution of columnar radiative energetics 
in the region. Three main factors mediate large-scale covariability 
between aerosol and precipitation. The first is the washout effect, 
whereby precipitation leads to wet deposition of aerosol particles, 
and is negative because stronger or longer duration rain removes 
more aerosols from the atmosphere. The second component is 
aerosol direct (e.g., Ramanathan et al., 2001), semi-direct (e.g., 
Ackerman et al., 2000; Feingold et al., 2001), and indirect (e.g., 
Twomey et al., 1984; Albrecht, 1989) radiative effects on precipi- 
tation, which can be of either sign. The third factor in the aerosol- 
precipitation covariability is mediated by large-scale climate sys- 
tems such as ENSO and by diurnal time-scale meteorological vari- 
ables such as water vapor (e.g., Prospero and Lamb, 2003). 

Satellite measurements (e.g., rainfall rate ofTRMM/3B43 prod- 
uct, Huffman et al., 2007; AOT from SeaWiFS, Hsu et al., 2012; Sayer 
et al., 2012a, b) provide an effective means for examining aerosol- 
precipitation covariability. SeaWiFS presently provides the lon- 
gest single-sensor satellite AOT dataset, and the record (1997— 
2010) predates that of the other EOS-era sensors. Examples of 
aerosol-precipitation covariability are shown in Fig. 8, at 0.5° 
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Fig. 8. Correlation between normalized anomalies in SeaWiFS AOT and TRMM precipitation for (a) boreal early spring (Feb-Mar-Apr), and (b) boreal autumn (Sep-Oct-Nov) in 
1997-2010. Grid cells with fewer than 10 months of available data are shaded in gray. To aid visualization, a 3 x 3 grid cell moving average of the raw correlations is presented. 
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resolution, presented as the correlation coefficient between nor- 
malized AOT and precipitation anomalies in each grid cell. Seasonal 
cycles were removed to keep the primary focus on the anomalies 
from the climatology of these parameters. Then, normalization was 
performed by dividing the residual anomalies by the corresponding 
seasonal cycle of standard deviation calculated from the raw data. 
Monthly data were used because aerosol events in this region often 
occur at synoptic scales, and therefore aggregation from daily to 
monthly minimizes the impact of washout effect and cloud cover 
on spatial completeness. In Fig. 8, two seasons are presented: (a) 
early boreal spring (Feb— Mar— Apr), when biomass burning is 
active in the northern part of the region, and smoke aerosols are 
transported above low-level stratiform clouds over the SCS/ES, and 
(b) boreal autumn (Sep— Oct— Nov), when AOT tends to peak in the 
southern part of the region. The correlation shows a clear regional 
and seasonal dependence, with widespread anti-correlation over 
the northern SCS/ES in (a) and over the equatorial region in (b). 
Untangling the contributions of the three aforementioned factors 
(washout, aerosol radiative effects, climate/meteorological factors) 
to the observed covariability is a complicated task (e.g., Stevens and 
Feingold, 2009). White areas in Fig. 8 indicate those grids with 
fewer than 10 data points, mostly due to missing SeaWiFS AOT 
monthly-mean values because of persistent high cloud coverage, 
showing that satellite data alone cannot provide the complete 
picture. Determination of columnar aerosol loading in the presence 
of clouds from satellite passive sensors is extremely difficult, while 
ground-based measurements of aerosol deposition are still very 
limited and sparse. These underscore the need for further studies to 
improve our understanding of aerosol— cloud-precipitation in- 
teractions, allowing the eventual attribution of the causes for the 
observed relationships, which remains an open-ended question at 
the present time. 

4. Concluding remarks and future work 

This overview paper presents an integrative summary of related 
papers in this special issue. It advances the first wave of analyses of 
aerosol and cloud properties using BASE-ASIA and 7-SEAS lOPs’ 
measurements and serves as an anchor point for future studies and 
deployments in the northern regions of Southeast Asia for better 
understanding of the aerosol— cloud interactions. The major 
research objectives of BASE-ASIA and 7-SEAS/Dongsha/Son La ex- 
periments are to characterize the microphysical, chemical, optical 
and radiative properties of boreal spring biomass-burning aerosols 
near the source/downwind regions and along the transport path- 
ways. Synergizing satellite observations, sophisticated platforms 
(e.g., SMARTLabs) and unique ground-based networks (e.g., AER- 
ONET/MPLNET) measurements, along with regional atmospheric 
transport and chemical models will further advance our present 
knowledge and enhance the critically needed database for 
biomass-burning aerosols. 

Under the influence of increased aerosol loading, observational 
and modeling studies have shown precipitation suppression or 
enhancement for clouds dominated by warm rain processes (c/. 
Stevens and Feingold, 2009 for a review and references therein). 
The ability of aerosols to affect cloud development and precipita- 
tion processes is highly dependent on the state of the atmosphere: 
its stability, humidity, composition of soluble gas species present 
that facilitate droplet nucleation in addition to the ambient aerosol 
types (e.g., solubility). In general, clouds in polluted air masses tend 
to consist of smaller droplet sizes and result in narrower droplet 
size spectra. Flydrometeor distributions dominated by smaller sizes 
also tend to increase cloud albedo and cloud amount, as well as 
reduce the amount of precipitation. Precipitation reduction is pri- 
marily due to reduced collision efficiencies of the smaller cloud 


droplets that develop under higher aerosol concentrations. 
SMARTLabs’ capabilities of measuring local thermodynamic pa- 
rameters and aerosol properties coupled with the newly acquired 
multi-frequency radars and multi-wavelength lidars will be 
employed in the spring 2013 7-SEAS campaign to explore various 
mechanisms involved in aerosol— cloud interactions alluded in the 
preceding discussion. Additionally, detailed and quantitative mea- 
surements of environmental variables needed to refine the mod- 
eling of aerosol— cloud interactions in warm rain processes will be 
provided. 

The frequency-dependent radar reflectivity, as well as its asso- 
ciated polarimetric and Doppler signatures, is the response to 
a characteristic volume of hydrometeors with intrinsic properties 
such as size, shape, density, water content, and orientation (e.g., 
Bringi and Chandrasekar, 2001 ). The ability to model aerosol— cloud 
interactions for a spectrum of cloud types, ranging from large-scale 
stratiform to localized deep convective clouds, requires a micro- 
physical scheme capable of representing the range of hydrometeor 
types and variations in the hydrometeor distributions developing 
within these clouds. Microphysical schemes in advanced cloud 
ensemble models (e.g.. Cotton et al., 2003; Tao et al., 2003) can 
readily be modified to better account for variations in the hydro- 
meteor distributions by the prediction of a third moment (spectral 
width parameter) in addition to the two moments (number and 
mass concentrations), which will lead to improved accuracy in the 
representation of time-dependent hydrometeor size distributions 
(e.g., Milbrandt and Yau, 2005; Loftus, 2012). This novel approach 
allows the hydrometeor size distributions to vary freely under 
changing meteorological conditions, such as the seasonal transition 
from stratiform to deep convection over the northern regions in 7- 
SEAS. In turn, three-moment bulk microphysical schemes will 
result in improved simulation of microphysical processes and allow 
for more accurate calculations of radar reflectivity (e.g., Dawson 
et al., 2010; Loftus, 2012), which can then be used to gauge 
model performance against both ground-based and satellite ob- 
servations as well as to provide insight into various physical 
processes. 

Measurements from different space-borne sensors (MODIS, 
CALIOP, CloudSat, etc.) are taken at different spatial/temporal res- 
olutions. This introduces difficulties in exploiting the synergy in the 
measurements to investigate aerosol— cloud interactions or using 
the data directly in retrievals of cloud microphysical properties due 
to the resolution dependence. Surface-based observations do not 
exhibit this problem to the same extent because the meteorological 
targets are much closer to the active probes such as lidar and radar, 
making the field-of-view of these instruments more commensu- 
rate. It is also noted that aerosols in particular tend to be frequently 
distributed spatially at lower altitudes. Furthermore, the observa- 
tion time from the surface is much longer than from space, enabling 
a more detailed understanding of the life cycle of meteorological 
processes, not otherwise possible from space-borne platforms. 
Hence spectral/temporal issues associated with spatial sampling 
are greatly mitigated (e.g., Stevens and Feingold, 2009). All of the 
above point to a vision of the future, where surface observations (at 
the regional scale) complement satellite observations at the global 
scale. With aid from new microphysical schemes, advanced cloud 
ensemble models offer a quantitative means to connect satellite 
observations with ground-based measurements, furthering the 
understanding aerosol— cloud interactions. 
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